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Symmetric photon-photon coupling by atoms with Zeeman-split sublevels
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We propose a simple scheme for highly efficient nonlinear interaction between two weak optical fields. The
scheme is based on the attainment of electromagnetically induced transpsiranttgneously for both fields
via transitions between magnetically spit=1 atomic sublevels, in the presence of two driving fields.
Thereby, equal slow group velocities and symmetric cross coupling of the weak fields over long distances are
achieved. By simply tuning the fields, this scheme can either yield giant cross-phase modulation or ultrasen-
sitive two-photon switching.
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The weakness of optical nonlinearities in conventionals-(x-)polarized continuous wavécw) driving fields Ea,,
media precludes the effective interaction of extremely feeblg,q 5 statix-oriented magnetic fiel® are appliedFig. 1,
fields containing few photons onfjl]. This weakness sets a |gft insed. In the absence of these fields, the lowey and
limit on the performance of ultrasensitive photonic elementg;pper(U) atomic levels, having equal total angular momenta

(switches and couplefsas well as on nonclassicébqueez- £ =F =1 (e.g,, theD1 line in 2Na or 87Rb), are sepa-
ing”) effects. It is also the main impediment towards con-

structing quantum logic gates, quantum teleportation, and

cryptography schemes operating at the few-photon Igjel Ee o 3
The weakness of optical nonlinearities can be compensate|g L &
by photon confinement in a hig@-cavity [3]. A promising Y ? — 3
avenue has been opened by studies of enhanced nonline| Ep X \ ‘\ %D
coupling via electromagnetically induced transpare(til) BS B g
in atomic vapors in the presence of classical driving fields,

which induce coherence between atomic leydls]. These
studies have predicted the ability to achieve an appreciable F=1
nonlinear phase shift of extremely weak optical figl6§or T Ay
a two-photon switch7,8], using the driverN-configuration
of atomic levels. The main hindrance of such schemes is the
mismatchbetween the group velocities of the field that is
subject to EIT and its nearly free propagating partner, which o
severely limits their effective interaction lengié.

In the present paper we propose a scheme that can remo\
this bottleneck, by basically modifying the nonlinear interac-
tion of weak optical fields: in contrast to all currently known

schemes, it affects both fields in a completslymmetric

fashion, rendering their group velocities equal. It thereby al-  Fg =1 A

lows their cross coupling over very long distances and brings L

it to its ultimate limit of efficiency. This scheme relies solely (a) (b)

on anintra-atomic processhat causes simultaneous EIT for FIG. 1. Left inset: copropagating weak-polarized optical
both fields interacting with magneticallZeemany split sub- s - copropagating weak-p op
- o . fieldsE, ,, and strongmr-polarized driving field€, _pass through
levels in the presence of two driving fields. Remarkably, by - _ _ 12 o
he atomic vapor cell that is placed in a transverse magneticBield

simply tuning the flel.ds’ this schemg .Can either yield g!an he beam splitte(BS) splits theE,, field into two components, one
cross-phase modulation or ultrasensitive two-photon switch-. - - . . ,
N . of which passes through the cell and interacts withERdield. The
ing in vapor[10]. It may, therefore, substantially advance the

tical ; d cai f i inf E, andE, fields at the output are then entangled. Right inset: per-
optical processing and communication of quantum in Orma'pendicular arrangement of the weak and driving fields suitable for a

tion in conventional media, without resorting to photonic .4 atomic gas(a) Two degenerate atomic levels with angular
crystals[11] or resonator$12]. ~ momentaF, =F =1 are separated by the unperturbed energy dif-
We first outline the proposed setup. Two weak opticalfgrences w,. (b) Magnetic fieldB splits each level into three Zee-
fields E; and Ey,, having o polarization along they axis,  man components with relative shifts. andA. Two A systems,
propagate in the atomic medium along tkeaxis. TWo  A,=|2)« |4)< |1) and A,=|2)< |6)« |3), sharing ground
state |2), are formed in the presence Bf,, (wq,,) and give rise
to EIT for the E,(w,) andEp(wy,) fields, respectively. Transitions
*URL: http://www.weizmann.ac.il/chemphys/gershon/; electronic |1)— |5) and |3)— |5) serve to cross couplé, and A, with the
address: gershon.kurizki@weizmann.ac.il w,, and w, photons, respectively.
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rated by the frequency [Fig. 1a)]. The magnetic fiel®  the following set of coupled equations for the slowly varying
splits the lower and upper triplets of the atom into threeProbability amplitudesh; of the six atomic states:

components each, labeled), |2), |3), and|4), |5), |6), _ 0% ()% a—iApt
respectivelyFig. 1(b)]. By appropriately tuning the fields, as IA=10A QAT € 0 A, (13
detailed below, two symmetrically cross-coupl&dconfigu- AA= — IO A +iO*A 1b
rations, A,=[2)« |4y« |1) and Ap=|2)« [6)« |3), i S (1
a_r; rlfsliégd Iand give rise to EIT for the two weak fields atAszi5bA3_iQ;eiADtA5+ngA6' (10
simultaneously.

Let us specify the transition_s and the fields involved. Thg GA=—[y—1 (85— kv)]As— QA — i Q.A,, (1d)
Zeeman shift of the sublevels in the lower and upper level is
given by A, y=(ug/h)M_ yg. uB, whereug is the Bohr OAs=—[y—i(8,+ 8,—kv)]As+iQ e *0'A;
magnetong,  is the gyromagnetic factor of the correspond- _ At
ing atomic level, andv_, is the magnetic quantum number —iQ,e7"P'A, (19
of the corresponding state. TlepolarizedE, andE,, fields . ) )
act only on the transitions wittAM==1, while the IPe=—[y—i(Fp—kv)]Ac+iQpAr+i1QyAz, (1f)

: polarrl]zededlz fle!ds chL:]pIe thz .st.ate?. Vlme 0 (M _ Wwherevy is the relaxation rate of stated), [5), and [6),
0). The frequencies of the cw driving fie E%l,z are reso- \yhich we include herphenomenologicall7,9]. In deriving
nant with the atomic transition$l)— [4) and |3)—[6),  these equations, we have replaced the wave numéjs
respectivelywy = wo*Ap, whereAp=A, —Ay. TheEy  =a,b,d;,d;) by k and, consistently with the discussion
andE,, fields, having the same Rabi frequeriay, act also above, have assumed that the ac Stark shifts of the sthes
on the transitions3)— |6) and |1)— |4), with the detun- and |2) due to the off-resonance interaction with the, and
ings ¥2Ap, respectively. IfAp>|Q4|, this off-resonant Eq, fields are incorporated iy . Obviously, in the cold-

coupling merely induces the ac Stark shift§(4|%/2Ap of  atom setup(Fig. 1, right insex the velocity of atomsy is
the states|1) and [3), which can be incorporated into the zero. In Egs.(1), the sign of each term containing a Rabi
energy of the atomic state. This reasoning is valid, providedrequency is determined by the Clebsch-Gordan coefficient
the detuningAp, is larger than the Doppler width of the for the corresponding atomic transition.
atomic resonancku, wherek=wy/c andv = 3kgT/m is We neglect the depletion of the cw driving fields, for rea-
the mean thermal velocity of the atoms. The frequencies o$ons explained below. In the perturbative solution of Egs.
the weak fieldsE, ;, are chosen to be at Raman resonancel), we shall assume that the relaxation time of the excited
with the corresponding two-photon transitiof)— |1) and ~ atomic states is short compared to the duratioof the
12)—[3):  wap=woFAy+3S,p, Where &,, denotes a pulsesE,,, 7>y . Therefore, the slowly varying enve-
small detuning from the corresponding two-photon transi{ope approximation is well justified, since the pulse ampli-
tion. tudes change very little during an optical cycle. Then the
The cross coupling of the weak fields is achieved via theevolution of the two weak fieldg;(j=a,b) is governed by
E,-induced transition|1)— |5) and theE,-induced transi- the following propagation equations:
tion |3)— |5). The fields are detuned from the correspond- . _
ing transitions by the amounts Ay . The realization of the [0, +vg d]Ej=iajEy, 2
dispersive cross couplingequires thatAp>|Q, |, where o ,
Q. is the Rabi frequency of the corresponding field. TheYi€lding E;(z,t) =E;(0t—2/vg)exp(/oe;d2). Here, the mac-
undesirable atom-field couplings via the transitiofsy ~ foscopic complex polarizabilities; given by
—|5) and |2)— |6) for E, and via the transitiong3)
— |5) and |2)— |4) for E,, can then be neglected, due to aa=m<A§A4+A§A5e‘ADt>T, (3
the large detunings (A +Ay) and =2A,, respectively. Qq
In an alternative setup, one can get rid of these couplings
using the(circularly) o, polarizedE, ando_ polarizedE,
fields propagating along the magnetic field lifEgy. 1, right
insed. Then thekE, field will act only on the transitions with
AM=+1, that is, |2)— |4) and |3)— |5), while theE,  are proportional to the linear resonant absorption coefficient
field will act onAM = —1 transitions, that i§2)— |6) and  ao=|u|?woN/(2€,ch y)=0(N, where o, is the resonant
|1)— |5). However, in order to cancel the Doppler broad- absorption cross section amdlis the density of atoms. In
ening of the EIT resonances in this setup, one would have t&gs.(3), the averaging- - - )1 is performed over the atomic
work with cold atoms T<0.5 uK). By contrast, in the col- thermal motion, which obeys the Maxwellian distribution
linear Doppler-free geometry of Fig. 1, left inset, the EIT W(v) = (uym) *exp(v?/u?).
resonances can be very sharp at considerably higher tempera-The crucial point about Eq2) is that, due to theymme-
tures. try of the system with respect to the two fieldg andEy,
Under optimal conditions for cross coupling in both set-their group velocitie ;=[1/c+ 4 Re(a,-)/&&,-]*l areequal
ups discussed abo\Eig. 1, left and right inselswe obtain  as can be verified from Eq$§3) and (1).

o .
ay="5. (A3 Agt AL Age™140!)r, (30
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We assume that initially the driving fields optically pump important and interesting in its own right. We stress that the
all the atoms into the energy sta2). In the weak-field limit ~ self-phase modulation is absent in the setup of Fig. 1, right
(much less than one photon per atotine Rabi frequencies inset.
of the two interacting fields satisfy the conditigl, | ~As a concrete example of cross-phase modulation, con-
<7,]Q4. Then, during propagation, nearly all of the atomic sider the vapor of’Rb atoms, where the pertinent lower and
population remains in2) (A,=1). This justifies the ne- UPper levels are 51/2,F1L:1' and 5311/2,Fu:1_y with gyro-
glect of the driving-field depletiotassumed abovefter the ~Magnetic factorg, = —3 andgy= — 5, respectively, and the
optical pumping is completed. Under these conditions, Eqgransition frequency isng=2mx3.775< 10" rad/s. Let us
(1) can be solved using fourth-order perturbation theorychooseN=10" cm™2, |Q4|=5X10° rad/s, andAp=70y,
Then, at the Raman resonance for both fiefis: 5,=0, the  corresponding toB=430 G, A =27x3x10° rad/s, and

polarizabilities are given by Ay=2mx1C rad/s, which are smaller than the hyperfine
splittings of the lower and upper atomic levels, 8.80° s™*
2iagy|Qyp 4|2 and 8.2x10° s, respectively. Yet the Doppler widtv of
“a,b:—( +iAp)| Q2] (4 the atomic transitions should be at least few times smaller
Y=120/1% thanAp . For the chosen magnetic fieR] this sets the upper
and the common group velocity &, and E;, becomesy, limit on the temperature of the atomic gas, which for the

parameters listed above <10 K. Stronger magnetic
fields would allow for higher temperatures, at the expense of
longer propagation distance or higher density. For the present
values, two focusedingle-photon beams and E;, (beam
cross sectionr, p= 108 cn?) of a microsecond duration
can induce a mutual phase shift of the ordermofover a
distance of~3.8 cm, while their absorption probability re-
mains close to zergy;<0.1. In the setup with cold atomic
8as(Fig. 1, right insetwe obtain the same phase shiftand
absorption over a distance of propagation-ef cm [14],
ﬂrresponding to the interaction of the fields withlCP at-

=|04|%/(agyy)<c. Since the Doppler widthv is assumed
to be smaller than the detuninky, the averaging over the
atomic thermal motion has practically no bearing on &g.
The real part of the complex polarizability; is respon-
sible for the phase shifip; of the corresponding field,
#i(2)=Re(a;)z, while the probability of the absorptiop,
of the field depends on the imaginary partaf, pj(z)=1
—exd —21Im(qa;)z]. From Eq.(4) we see that if one of the
fields propagates alone in the medium, its absorption an
phase shift are zerl3]. By contrast, if both fields are c
present, each of them induces an absorption and a phase shi
on the other. One can verify from Eqs(4) that
Re(a)/Im(a)=*tAp/y, i.e., for Ap> 1y, the phase shift is
the dominant procesand absorption can safely be neglected
This can be realized taking advantage of the commo
anomalous Zeeman effeethich corresponds tg, #g, and  ~— ®o: wg,=wo~28p, ®Wa=wo—A+8;, and wp=wo
thusAp#0, as, e.g., irfNa or 8’Rb atoms. Then we obtain —A| +2A+ §,. Here again we have Raman resonances on
the two-photon transitiong2)— |1) and |2)— |3). The
2a07|Qp 42 character of the cross coupling is, however, different, since
W, (58 theE, field is now resonant with the atomic transitid8)
DI**d — |5), while the E,, field is detuned from the/1)— |5)
) ) resonance by the amounfAg3 . The Stark shifts of the states
2a97°|Dpq (5b) |1) and |3) due to the off-resonant interaction with the
AZ] Q42 fields Eq, and Eq are given by |Q4*3Ap and
— Q4% Ap, respectively, which can be incorporated in the
In the discussion pertaining to the collinear Doppler'freedetuningsﬁa b- On|y the perpendicu|ar arrangement of the
setup(Fig. 1, left insel, we have neglected the interaction of , polarized weak fields and polarized driving fields in a
the E, and E,, fields with the atom via the transitiond)  cold atomic gagFig. 1, right insetis suitable for the cross-
— |5) and [3)— |5), respectively, due to the large detun- apsorption scheme, since the frequency of Eqefield ex-
ings = (A +Ay). This simplification leads to the neglect of actly matches the frequency of the atomic transitifst
the self-phase modulation of the weak optical fields, given_, |4) which, in the case of collinear geometry, will induce a

Next we consider the cross-absorption scheme. The
atomic level configuration is the same as in Figh)1but the
Hrequencies of all the fields are lowered By, i.e., wq,

Rda'a,b)2 *

Im(aa,b):

by strong, resonant, unconditional absorption of that field.
Equations (1)—(3) still apply upon making the indicated
R L @0Y|Qay) g changes.
&(ctap)= T(AL+AY]Q4? ©) In the cross-absorption case, similar to the case of cross-

phase modulation, we solve Eq4) perturbatively in the
which is a weaker effect than the cross-phase modulation ofeak-field limit (A,=1). At the Raman resonance for both
Eq. (5a). Furthermore, this self-phase modulation does nofi€lds, 6,= 6,=0, we then obtain for the imaginary part of
depend on the presence of the other field, which allows us t§1e polarizabilities
separate it from the cross-phase modulation. For some appli- Q. |2
cations, however, such as generation of optical solitons and IM( )= ol L al )
phase conjugationl], this self-phase modulation may be & |Qyl?
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In deriving Eg. (7), we have assumed that/Ap  will be maximal at the pulse peak and vanish at the tails.
>|Q,|%|Q4g/?, which is well satisfied for the parameters This will produce frequency chirping of the pulses and,
listed above. Thus, if only one of the fields propagates in theherefore, their spectral broadening. One has to take care that
medium, its absorption is vanishingly small. By contrast, ifthe resulting spectral width does not exceed the transparency
both fields are present, each of them induces@ng absorp-  window of the EIT resonance |Q4|%/y.
tion of the other. With the eXperimental parameters given (d) Entang|ementThe two Cross-coup|ed beams can be-
above, the induced absorption depth of a single-photon pulsgome entangled, by splitting one of them into two compo-
is ~4.3x10"° cm, i.e., the fields’ intensities are reduced by nents, one of which passes through the cell and interacts with
a factor ofe after they have interacted with only 4300 atoms. o other(Fig. 1, left insel. It has been shown for the case of
The treatment outlined here ha§ focuse_d on the essentie}oss-phase modulation that a phase shiftrofvith negli-
aspects of our scheme, yet certain experimentally releV"J"Hible absorption should render two coherent or single-photon
ISsues h{:lve tq be ag:ldressed briefly. . beams entanglefll0]. In the case of cross absorption, our
() Diffraction. Tightly focused Gaussian beants, scheme(Fig. 1, right inset can serve as a very sensitive

would normally diffract over the distanag, ywo/27c=1.3 o . PR
%104 cm, which is much smaller than the propagationgond'tlonal photon switch7,11], whose sensitivity is limited

lengths necessary for achieving the desired phase shift and the free-space shot noise and the detector efficiency.
absgor tion. One Zan howevergtake advantape of the lona. . 10 SUm up, we have shown that a simple scheme, com-
distanFcJ:e di.ffraction-fr’ee ropa ,ation of weak gBesseI beam rised of a transverse static magnetic field and two optical
Alternatively, one can usF:a trl?e?‘ocusing properties of EIT driving fields, can create a new regime sfmmetri¢ ex-

(b) Adiabaticity The adiabatic solutiond) of the ampli- tremely efficient nonlinear interaction of two weak pulses in

. L atomic vapor, owing to EIT via Zeeman-split levels. The
tl.Jde equationgl) is justified by the fact that we have con- resulting giantly enhanced cross-absorption and cross-phase
sidered weakmuch less that one photon per atorslowly

. o -1y £ . modulation may open the road to the development of novel
varying (r>y ) fieldSE, .. In the case of intense and/or Kerr shutters and phase conjugators, as well as to quantum

short-duration pulses, however, only the time-depende : o . ; g
treatment of the coupled set of Maxwell and density-matri:(“’]form":ltlon application$2] based on absorptive or disper

\ I sive two-field entanglemef7—11].
equations will rigorously solve the problem.
(c) Spectral broadeningSince the phase shift of each We acknowledge the support of the EATESIT Network
pulsed field is proportional to the intensity of the other, itand the Feinberg Scho@D.P).
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